Wall shear stress (WSS) is one of the most studied hemodynamic parameters, used in correlating blood flow to various diseases. The pulsatile nature of blood flow, along with the complex geometries of diseased arteries, produces complicated temporal and spatial WSS patterns. Moreover, WSS is a vector, which further complicates its quantification and interpretation. The goal of this study is to investigate WSS magnitude, angle and vector changes in space and time in complex blood flow. Abdominal aortic aneurysm (AAA) was chosen as a setting to explore WSS quantification. Patientspecific computational fluid dynamics simulations were performed in 6 AAAs. New WSS parameters are introduced, and the point-wise correlation among these, and more traditional WSS parameters was explored. WSS magnitude had positive correlation with spatial/temporal gradients of WSS magnitude. This motivated the definition of relative WSS gradients. WSS vectorial gradients were highly correlated with magnitude gradients. A mix WSS spatial gradient and a mix WSS temporal gradient are proposed to equally account for variations in WSS angle and magnitude in single measures. The important role that WSS plays in regulating near wall transport, and the high correlation among some of the WSS parameters motivates further attention in revisiting the traditional approaches used in WSS characterizations.
Introduction
Wall shear stress (WSS) is one of the most extensively studied parameters used to correlate hemodynamics to various aspects of cardiovascular disease. It affects the near-wall transport of chemicals and proteins, and regulates the mechanobiology of endothelial cell (EC) function [1] [2] [3] . In the large arteries, WSS can vary considerably in space and time at any particular location. This is especially true in diseased arteries that harbor complex flow conditions. Moreover, WSS is a vector, whose direction and magnitude are important in biomechanical processes. Each of these aspects is difficult to confront, and combined make quantification and interpretation of WSS onerous. This has resulted in development of various WSS parameters that each try to quantify different characteristics [4, 5] .
Various WSS parameters have been linked with cardiovascular complications. Differences in WSS magnitude can trigger different EC alignment patterns [6] . Low and high WSS magnitude have each been linked to a different pathway for cerebral aneurysm progression [7, 8] .
Oscillatory shear index (OSI) has been correlated with plaque formation [9, 10] . High spatial WSS gradients increase wall permeability [11] , and initiate intracranial aneurysm formation [12] . WSS angle gradient has been associated with monocyte deposition [13] . EC proliferation has been shown to depend on temporal WSS gradients [14] , and the sign of WSS spatial gradient [15] . Peak temporal WSS gradient has been proposed as an indicator of atherosclerosis [16] , and has been correlated to EC proliferation [17] . Oscillation in WSS spatial gradient (gradient oscillatory number) has been correlated with cerebral aneurysm formation [18, 19] . More recently the multi-directionality of WSS has gained attention in WSS characterizations. Directional OSI has been proposed as a parameter that affects EC response [20] , transverse WSS (transWSS) has been proposed as a predictor of atherosclerosis [21, 22] , and axial/secondary WSS have been proposed for quantifying multi-directionality of WSS [23] . Most of these WSS parameters have been used extensively as indicators of disturbed flow. However, the relationship among these parameters has received less attention. Toward this goal, Lee et al. [24] performed a correlation study among different WSS p. 3 parameters providing data on the dependency among some of these parameters for flow in the carotid arteries.
Despite the numerous WSS parameters that have been used, a number of issues have not received much attention, including the computation of WSS on a non-Euclidean surface, accounting for the vectorial nature of WSS, and obtaining proper references for measuring WSS variations. For example, most of the measures that quantify directionality of WSS rely on the time average WSS direction as the reference direction. This is motivated by the tendency of ECs to align in the time average direction, at least in simple flows. How ECs align in more complex flows is not well known. Complex flow is identified by measuring WSS variation from the time-averaged direction, but this reference vector itself is biased by the complexity of the flow, and moreover can have complex spatial variation. Alternatively, most studies rely on measures based on WSS magnitude, and the relation between the vectorial behavior of WSS and its magnitude or angle has received little attention. Likewise, WSS as a vector conveys information about near wall flow transport [25] [26] [27] [28] , which is often not considered in WSS characterizations. This is particularly important in aneurysmal flows where transport of biochemicals/platelets to and from the wall are of great importance and could be potentially regulated by complex WSS behaviors. Even from the perspective of EC, the WSS has further influence than mechanical forcing. Near wall transport affects EC response to flow via an indirect mechanism [29] . This is manifested in transport of nitric oxide (NO), low density lipoproteins (LDL), monocytes, and adenine nucleotides ATP and ADP. The transport of these chemicals near the wall significantly affects ECs and atherosclerosis [30, 31] .
The goal of the present study is to provide more comprehensive comparison of WSS magnitude, angle and vector changes in space and time in complex arterial flow. For this purpose, flow in abdominal aortic aneurysms (AAA) was chosen due to its complex temporal and spatial flow features [32, 33] . A framework is proposed to remove the dependency on the time average direction, as well as to compute WSS measures intrinsically on the local tangent plane. We propose new metrics to quantify different aspects of WSS behavior. Relative WSS p. 4 gradients are proposed, which are less biased by WSS magnitude than prior measures. The correlation among all the parameters is investigated, and a measure is proposed to unify both temporal and spatial changes of WSS direction and magnitude into a single parameter.
Methods

Computational fluid dynamics (CFD)
Six AAA models were used in this study. Patient-specific geometries were reconstructed from magnetic resonance agniography (MRA). The Navier-Stokes equations were solved using a stabilized finite element method [34, 35] . Newtonian blood rheology, and rigid wall assumptions were made. The inlet boundary conditions were prescribed using patientspecific flow rate derived from phase contrast magnetic resonance (PCMRI). Three element (RCR) Windkessel models were prescribed to the outlets, and were tuned similar to the methods described in [36] . The models were discretized using anisotropic linear tetrahedral finite elements (maximum edge size of 0.75 mm), with boundary layer meshing (next to wall edge size of 0.25 mm) used to further refine the near wall region. The WSS metrics were compared to a mesh with maximum edge size of 0.5 mm in the interior and a next to wall edge size of 0.1 mm in the boundary layers to ensure convergence. Time step was chosen to divide the cardiac cycle into 1000 time steps. The simulations were run for three cardiac cycles, and the last cycle was used for post-processing. Fifty time steps were output in the final cycle for WSS characterizations. Further information about the CFD modeling can be found in [37] .
WSS Characterization
The traction at the wall can be computed as t = σ · e n where the stress tensor σ and the unit normal vector e n are evaluated on the wall. The wall shear stress vector is then defined p. 5 as the tangential component of traction on the wall
WSS lies on the local tangent plane at each point on the wall surface. In an intrinsic orthonormal frame, one can compute the normal vector e n at each point, and choose an arbitrary unit tangent vector e t . Consequently, by computing the unit binormal vector e b = e t × e n , an intrinsic coordinate frame (e t , e b , e n ) is constructed that varies along the surface. While the magnitude of WSS is independent of the choice of coordinate system, it is important to use an intrinsic frame in characterization of vectorial behavior of WSS. We propose to define e t at each point as the tangent direction that is mostly aligned with the centerline path, parameterized by c(s). Namely,
where c = dc/ds is the centerline tangent in the proximal to distal direction, evaluated at the closest point on the centerline. Often disturbed flow is characterized by variations in WSS from the time-averaged vector. However, the TAWSS vector is itself dependent on disturbed flow conditions, and might not be a well defined direction in complex transitional flows. The motivation for the above definition is that e t is independent of disturbed flow features, and it is (nominally) in the preferred direction of bulk flow. Figure 1 shows the resulting tangent and binormal vectors for a representative application to an aneurysm. The WSS vector can be decomposed as
where τ t = τ · e t , and τ b = τ · e b are the components of the WSS vector in tangent and binormal directions, respectively. In this paper, the WSS angle, θ, is defined as the angle p. 6 between the WSS vector and the tangent direction
WSS parameters
We begin by defining the standard WSS parameters used in literature. τ is defined as the magnitude of the time average of wall shear stress vector, where the averaging time is typically one cardiac cycle T assuming the flow is periodic,
The standard time average of wall shear stress (magnitude) is defined as
The oscillatory shear index is defined as
OSI becomes 0 for unidirectional WSS (steady direction) and 0.5 for WSS with no preferred time-averaged direction ( τ = 0). The values in between are not easily interpreted. We propose an additional measure to quantify WSS direction changes. ∆ 90 is defined as the number of instances that WSS angle θ changes more than 90 o (or any desired threshold could be used), which can be computed as follows: 
These measures can quantify the persistent alignment of WSS to the centerline, or perpendicular to centerline, direction, respectively. WSS vector fields can be scaled to obtain a first order approximation of near wall velocity vectors [25] . If sign is taken into account in above equations, then one can distinguish between persistent regions of forward and backward near wall flow, as well as clockwise and counterclockwise near wall flow, providing some insight on near wall transport. Specifically, backward WSS (|τ t − |) could be defined as the amount of near wall backflow
This measure could be used in quantification of recirculating flow, which has been shown p. 8
to promote thrombotic and atherosclerosis expressions [38] . Table 1 lists various forms of spatial and temporal gradient that could be defined. The WSS angle and magnitude provide scalar fields that could be used to compute spatial/temporal gradients. The spatial/temporal gradient of the WSS vector can also be computed, which inherently incorporates both direction and magnitude changes. See Appendix (Sec. 5) for details on angle gradient and vector gradient computations. A relative measure of WSS gradient can be defined by dividing the vector gradient by the WSS magnitude. All of the measures defined in Table 1 are integrated and divided in time similar to previous parameters.
As will be shown in the Results, the spatial (temporal) WSS vector gradient has very high positive correlation with spatial (temporal) WSS magnitude gradient. This motivated the definition of new measures that can incorporate magnitude and angle changes more equitably.
We define a mix spatial gradient as a linear weighting of WSS angle and magnitude gradients, such that the new measure is equally correlated with angle and magnitude gradients as follows
where the mean operator computes the spatial average of the parameter in the region of interest. The normalization by the mean provides a dimensionless parameter with mean value equal to one. The weighting coefficient w s is chosen to provide equal correlation coefficients. A similar approach could be taken for WSS temporal gradient to define a mix temporal gradient,
where the weighting coefficient w t provides equal correlation between the new measure and magnitude/angle temporal gradients. The spatial and temporal mix gradients could be p. 9
combined to define a new measure τ mix that incorporates spatial and temporal changes of magnitude and angle of WSS as follows
where the weighting coefficient w st results equal correlation of τ mix with spatial and temporal mix gradient.
Results
The computational models used in this study are shown in Fig. 2 . WSS correlations were performed in the shaded aneurysmal regions. Figure 3 shows some of the complex instantaneous vectorial WSS patterns observed in the AAA models. resulting from all the patients is listed in Table 2 , with the statistically significant correlations among the six patients indicated. A one-sample t-test analysis was performed to compute the p-values based on the Pearson correlation coefficients obtained for each patient, therefore the correlations that are not marked significant had notable inter-patient variability.
Several observations are made from this table:
1. TAWSS is highly correlated with τ . 6. τ mix is moderately to strongly correlated to all the parameters with high statistical significance, except to OSI, |τ b | and |τ t − |.
The weighting coefficients used for the mix WSS parameters in Eqs. (10)- (12), were found to be w s = 0.62 ± 0.04, w t = 0.63 ± 0.05, w st = 0.40 ± 0.05 for the present data.
Removing the absolute value from the definition of |τ t | in Eq. The effects of surface curvature on the WSS vector gradient appears to have been mostly overlooked in the literature. These effects were investigated in this study (see Appendix Sec.
5 for the formulation) and it was found that including the curvature terms into the gradient changed the correlation coefficients less than 0.01 for our data, which provides justification for prior works that have neglected this effect.
p. 11
Discussion
WSS is a vectorial quantity, with often complicated spatial and temporal variation. These factors can confound both the quantification and interpretation of WSS in cardiovascular flows. While traditional TAWSS is treated as a scalar quantity, the vectorial nature of WSS and its gradients vastly increase the dimensionality of WSS data, and possibilities for how it can be quantified. Therefore, it is fruitful to consider how various quantifications correlate to reduce the possible parameters needed to effectively quantify or interpret hemodynamics data.
Various Relatively high positive correlation between TAWSS and WSS spatial/temporal gradient was observed, consistent with previous findings in carotid arteries [24] . This should not be surprising, since small relative changes of WSS in a high shear region can lead to a higher spatial/temporal gradient than large relative changes of WSS in a low shear region. Therefore, high shear regions are biased to produce higher gradients. This motivated the definition of relative gradients. These relative measures were uncorrelated to TAWSS, while they had relatively moderate correlation with WSS gradients. These differences should be contextualized from the perspective of the cells in contact with blood flow. Large relative spatial p. 12 fluctuations among WSS vectors with small magnitude will likely lead to small measured gradients. However, these small gradients may be as significant to ECs as high gradients resulting from relatively minor changes among large magnitude WSS. The same could be said for temporal gradients. For example, high gradients in WSS are observed in regions of flow dividers that are usually atherosclerosis free, while the likely smaller in magnitude WSS gradients in regions of recirculation promote atherosclerosis [39] . Hence, although relative gradient measures should not replace absolute gradient measures, they should serve as additional measures to guide the interpretation of WSS gradients.
In this study we observed a very weak positive correlation between TAWSS and WSS angle gradient. Lee et al. [24] have reported a relatively weak negative correlation between these measures in carotid arteries. Moreover, the correlations between WSS angle gradient and other measures considered in that study were also different than observed herein. The discrepancy may be due to the modified definition of WSS angle gradient in this study, or the different flow environments. Otherwise, the correlations in common between these two studies were in relative agreement.
In this paper we used a wall tangent direction aligned with the nominal direction of It is noteworthy that the aneurysm formation indicator (AFI) measure [19, 42] defined
is similar to |τ t | used in this study, where the time average direction τ is replaced by e t (Eq. 2) and magnitude is taken into account. The transWSS measure [21, 22] defined as the average magnitude of WSS perpendicular to the τ direction is similar to |τ b |,
where the the time average direction is replaced by e t . Recently, Morbiducci et al. where helical flow has been shown to suppress disturbed flow, and contribute to uniformity in WSS [44] . Helical flow can reduce the accumulation of specific atherogenic chemicals on the vessel wall, and prevent platelet adhesion to the vessel wall, therefore protecting against atherosclerosis and thrombosis, respectively [45] . These protective mechanisms are due to the modification of near-wall transport topology, which is manifested in the WSS vector field.
In this study we only used one cardiac cycle of WSS data for our calculations. It has been shown that in transitional flows such as AAAs, time-averaged WSS measures might need several cardiac cycles to converge [46] . However, the purpose of our study was to compute correlations across parameters, therefore this issue is not expected to affect our results significantly. Nevertheless, care must be taken when correlating time-averaged WSS p. 14 parameters to different aspects of AAA disease.
The capability of ECs to respond to the local flow patterns [47] , along with the realization that the WSS vector field is important in determining near wall transport, brings the need for renewed perspectives in WSS characterizations. Indeed, the prevailing theory of association of low and oscillatory WSS with atherosclerosis has been questioned [48] , and conflicting results regarding the common belief about low WSS and high OSI have been reported [22, 37] .
These findings encourage further attention in revisiting the traditional approaches used in WSS characterizations and their correlation with disease.
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Appendix
Angle gradients
When computing the difference between two angles, one must take care to account for the discontinuity in quantifying angle (e.g., passing between −π and π or 0 and 2π). For example, in Fig. 8 (a) if α 1 ≈ and 2π − α 2 ≈ are small angles, the computed change in angle will be ≈ 2π, while the actual change is very small (2 ). To overcome this issue, another reference direction −e t is introduced and a new angle θ 2 is measured with respect to this direction in the clockwise direction, as shown in Fig. 8 (b) . The change in WSS angle is equal to the minimum of the two angle changes
p. 15
where a and b could be two points in space or time, and ∆ can be the spatial/temporal gradients or any other measure that quantifies changes in angle.
WSS vector gradient
In the Cartesian coordinates WSS can be written as τ = τ xî + τ yĵ + τ zk . The WSS gradient becomes 
It is necessary to transform the gradient to the local intrinsic frame (e t , e b , e n ), and remove the normal contributions to the gradient, this will result in :
The induced L 2 norm of this matrix has been used in the Results.
The fact that the gradient is acting on a surface manifold, requires incorporation of curvature effects into the gradient. This can be done by computing the Ricci rotation coefficients [49] :
where (ê 1 ,ê 2 ,ê 3 ) = (e t , e b , e n ) are the basis used. The final form of WSS gradient can be written as:
where τ t and τ b are the components of WSS vector in the e t and e b directions, respectively.
Note that the normal component of WSS is zero by definition and does not appear in Eq. (17.) p. 16 List of Tables   1  Scalar measures p. 36
